Monitoring of dam passage can be useful for management and conservation assessments of American eel, particularly if passage counts can be examined over multiple years. During a 7-year study (2007 -2013) of upstream migration of American eels within the lower Shenandoah River (Potomac River drainage), we counted and measured American eels at the Millville Dam eel pass, where annual study periods were determined by the timing of the eel pass installation during spring or summer and removal during fall. Daily American eel counts were analysed with negative binomial regression models, with and without a year (YR) effect, and with the following time-varying environmental covariates: river discharge of the Shenandoah River at Millville (RDM) and of the Potomac River at Point of Rocks, lunar illumination (LI), water temperature, and cloud cover. A total of 17 161 yellow-phase American eels used the pass during the seven annual periods, and length measurements were obtained from 9213 individuals (mean ¼ 294 mm TL, s.e. ¼ 0.49, range 183 -594 mm). Data on passage counts of American eels supported an additive-effects model (YR + LI + RDM) where parameter estimates were positive for river discharge (b ¼ 7.3, s.e. ¼ 0.01) and negative for LI (b ¼ 21.9, s.e. ¼ 0.34). Interestingly, RDM and LI acted synergistically and singularly as correlates of upstream migration of American eels, but the highest daily counts and multiple-day passage events were associated with increased RDM. Annual installation of the eel pass during late spring or summer prevented an early spring assessment, a period with higher RDM relative to those values obtained during sampling periods. Because increases in river discharge are climatically controlled events, upstream migration events of American eels within the Potomac River drainage are likely linked to the influence of climate variability on flow regime.
Introduction
Fish passes provide upstream dam passage for migratory fish, and allow for monitoring the number of individuals moving upstream, as well as environmental variables associated with upstream migration (Schilt, 2007; Roscoe and Hinch, 2010; Noonan et al., 2012; Welsh and Liller, 2013) . For migratory American eel, monitoring of eel passes can be useful for management and conservation assessments, particularly if passage counts can be examined over multiple years (Marcogliese and Casselman, 2009) . Researchers have examined the association of upstream migration of yellow-phase (immature) et al. (1983) found that immature American eels become torpid at WTs below 108C. WTs between 10 and 168C are associated with upstream movements of American eel elvers during spring (Smith and Saunders, 1955; Sorensen and Bianchini, 1986; Jessop, 2003; Schmidt et al., 2009) . Hammond and Welsh (2009) found that the initiation of upstream movements of yellow-phase American eels during spring corresponded to WTs of 158C in the Shenandoah River, USA. Unpublished data from other river systems suggest that yellow-phase American eels may initiate upstream movements during spring at WTs of pers. comm.) . McGrath et al. (2003) and Hammond and Welsh (2009) reported that fall movements of yellowphase American eel were reduced as WTs declined to 108C. Thus, the annual onset and end of yellow-phase American eel movements likely coincide with spring and fall WTs of 15-20 and 108C, respectively. Bianchini et al. (1982) , as cited in Oliveira (1997) , suggested that short-term home ranges of American eels are punctuated by longrange movements. The environmental cues or correlates of punctuated upstream migration are not fully understood and are open for debate. Schmidt et al. (2009) and Welsh and Liller (2013) reported that upstream migration of yellow-phase American eels were positively associated with river discharge and negatively associated with LI. These short-term studies (≤2 years), however, did not address temporal variation in passage counts and associated environmental covariates. From a 3-year study on the St Lawrence River, Verdon et al. (2003) did not find a direct correlation between passage counts of American eels with river discharge or LI. Further research is needed to increase our understanding of associations among environmental variables and upstream migration of yellow-phase American eels.
During a 7-year study (2007 -2013) , conducted at the Millville Dam eel pass on the lower Shenandoah River (Potomac River watershed), we examined the association between daily passage counts of migrant yellow-phase American eels and environmental variables of river discharge, LI, WT, and CC. The Millville Dam eel pass is installed and removed seasonally (Welsh and Liller, 2013) , and the timing of pass operation relative to the range of WTs conducive to American eel movements should be considered for maximizing American eel passage opportunities. We addressed the following two questions: (i) Are river discharge, LI, WT, and CC associated with daily counts of upstream migrant American eels?, and (ii) What is the relative importance of tributary and mainstem river discharges to passage counts at an eel pass? We also examined the timing of annual installation and removal of the eel pass, and its potential influence on annual passage counts of American eels.
Methods

Study site
The Millville Dam eel pass, located at a hydroelectric dam on the lower Shenandoah River, is 285 km upstream from the mouth of the Potomac River estuary (Figures 1 and 2 ). The low head (5 m height) Millville Dam is 296 m in width. The veil of water spillover on this run-of-the-river dam is maintained at 2.54 cm during low river discharges, and increases during periods of higher river discharge. Millville Dam and the design of the eel pass were previously described by Welsh and Liller (2013) , and monitoring involves daily passage counts and length measurements of American eels by physical or photogrammetric methods (Welsh and Aldinger, 2014) . Millville Dam is not a complete barrier to upstream passage, as evidenced by the pre-pass presence of American eels within the upper Shenandoah River watershed (Jenkins and Burkhead, 1994; Smogor et al., 1995; Goodwin and Angermeier, 2003) . Welsh and Liller (2013) , however, demonstrated that the eel pass at Millville Dam, during its first 2 years of operation (2004) (2005) , was used by upstream migrants during spring, summer, and fall periods. Personnel of the hydroelectric power company removed the eel pass each year during fall to avoid pass damage caused by debris during high river discharges of late fall and winter. The eel pass is installed each spring or summer, after the period of expected high river discharges during March and April.
Data collection
Passage counts and total lengths (mm) of American eels were recorded and measured physically or by photogrammetry during 2007 through 2013. Digital photographs from an infrared triggered camera located on the eel pass were used to obtain photogrammetric measurements of American eel lengths as described by Welsh and Aldinger (2014) . Each annual sampling period was determined by dates of removal and re-installation of the eel pass at the discretion of the hydroelectric power company. During each year, we obtained daily measures of five environmental variables: river discharge (m Figure 1) . A daily lunar index of the illuminated percentage of the moon face, which ranges from 0 (new moon) to 1 (full moon), was calculated from an astronomical algorithm (Meeus, 1991 
Data analyses
We analysed daily American eel passage counts by fitting negative binomial regression models with time-varying environmental covariates (Liang and Zeger, 1986; Cui and Feng, 2009 ). Specifically, generalized estimating equations (GEE) assuming a negative binomial distribution and a log link function (SAS 9.2, PROC GENMOD, SAS, 2008) and QIC model selection (Hilbe, 2011) were used following methods of Welsh and Liller (2013) . Annual time-series data for the seven annual periods of American eel counts were analysed together with and without a year (YR) effect. A GEE approach requires clusters within a time-series, where daily counts are expected to be serially correlated within a cluster period and independent among cluster periods (Hilbe, 2011) . Given the cyclical nature of lunar data, we were concerned that the alignment of clusters within the time-series may influence selection of lunar models, particularly if the cluster periods were not centred on new and full moon periods. To address this concern and to determine the appropriate cluster period, we used the global model structure and fit models with clustered time-series data ranging from 3 to 10 d clusters, where cluster period models were included with clusters centred and not centred on new and full moon phases. The best cluster model was selected with the Quasi-likelihood information criterion (QIC u ) of Pan (2001) . To address serial correlation for each time-series, we selected a working correlation structure by fitting models with autoregressive AR(1), compound symmetry, and independent working correlation matrices (Hardin and Hilbe, 2003) and used the correlation information criterion (CIC) to select a working correlation structure (Hin and Wang, 2009; Hilbe, 2011) .
Using GEE, the model-selected cluster period, and the modelselected working correlation structure, a set of 46 candidate models were fit to the time-series of daily American eel passage counts. The first candidate model fitted an intercept to the timeseries data. The next set of 14 models included seven single covariates with and without a YR effect of river discharge (RDM, RDM1, RDM2, and RDP), LI, WT, and CC. The remaining candidate models included additive-effects models of the seven covariates with and without YR effect (Appendix). Using an information-theoretic approach, the best model (or suite of competing models) was selected with the Quasi-likelihood Information Criterion (QIC u ) of Pan (2001) . We also estimated QIC distances among models (DQIC u ) and QIC u model weights (w i ) following methods of Burnham and Anderson (2002) . Models, which represented alternative hypotheses, were considered to be supported by the data if DQIC u values were ,2.0 (Burnham and Anderson, 2002) .
To aid interpretation of model selection results, we plotted annual time-series of daily passage counts, RDM, RDP, and LI. We also calculated Pearson correlation coefficients to assess correlation between environmental variables (RDM, RDP, LI, WT, and CC). The mean values of RDM, RDP, LI, WT, and CC were River discharge and lunar illumination calculated and compared for days without passage vs. the mean values of those variables when American eels passed through the Millville Dam eel pass. In addition to examining RDM as cubic metre per second, we also calculated the per cent increase in RDM as the ratio of the largest RDM during a multiple-day passage event to the lowest RDM value within a 5-d period before the passage event. The per cent increase in RDM was examined for multiple-day passage events where .100 American eels used the eel pass.
To examine the relative importance of tributary vs. mainstem river discharges to passage counts, we calculated a daily proportion of the two river discharge values (i.e. RDM/RDP) and plotted these proportions vs. daily passage counts of American eels. The plot of RDM/RDP vs. daily passage counts provided a visual assessment of whether passage counts were higher on days when the Shenandoah River contributed a larger proportion of the river discharge of the lower Potomac River. We were also interested in understanding the timing of annual installation and removal of the eel pass, and its potential influence on annual passage counts of American eels. Thus, we calculated and compared mean values of RDM and WT for the annual sampling periods of eel pass operation with those values for the period from which WTs reached and remained above 158C until the date of eel pass installation.
Results
A total of 17 161 American eels used the eel pass during the 7-year period, and annual counts ranged from 852 to 5394 (Table 1) . Total lengths (mm, TL) were measured for 9215 individuals, with mean + s.e. TL of 294 + 0.49 mm, and range 183-594 mm. Annual sample days (when the eel pass was operational) ranged from 113 to 188 d, and were determined by the annual schedule of the electrical power company's dates of installation and removal of the eel pass. Daily passage counts of American eels fluctuated widely and were clumped in time (Figure 3 ). The number of days with American eel passage ranged from 38 of 181 sample days during 2007 to 91 of 113 sample days during 2013 (Table 1) .
Environmental variables fluctuated widely within and among the seven study periods. The mean river discharge during the seven study periods ranged from 21.6 to 44.5 m 3 s 21 for the RDM, WV, USA, and from 76.4 to 165.9 m 3 s 21 for the RDP (Table 1 ). The seven study periods included from 3.8 to 6.4 lunar cycles (Table 1) . Daily WTs ranged from 3.8 to 32.48C, with annual mean values ranging from 21.4 to 24.48C (Table 1) . Daily CC ranged from 0 to 100% with annual mean values from 26.2 to 36.9% (Table 1) .
The GEE analyses, using CIC-selected AR(1) working correlation structure and QIC u -selected 7-d cluster periods (aligned and centred with lunar cycles), supported a single additive-effects model of YR + RDM + LI (QIC u weight ¼ 1.0) for the 7-year dataseries. The QIC u -selected model had a positive coefficient for RDM (b ¼ 7.3, s.e. ¼ 0.01) and a negative coefficient for LI (b ¼ 2 1.9, s.e. ¼ 0.34). Thus, passage counts were associated with elevated RDM and low levels of LI. Models with variables, RDP, WT, CC, and lag effects on RDM were not supported by the data. All models and associated model selection statistics are listed in Appendix.
The QIC u -selected model of YR + RDM + LI was corroborated by graphing annual time-series data and by descriptive statistics. Graphs of annual time-series data depicted passage events clumped in time and often in association with increased RDM or low LI (Figure 3) . The QIC u -selected model was also corroborated (Figure 4) . Also, annual mean values of LI when American eels passed through the Millville Dam eel pass were lower than that of days without passage (Figure 4) .
The QIC u -selected model was also supported by examining LI and the per cent increase in RDM for multiple-day passage events where .100 American eels used the eel pass. A total of 28, 2 -13 d passage events occurred with .100 individuals, and 23 of these events were associated with either an increase in RDM (10 events, RDM ≥ 1.4 times that of the period before the increased flow event), low LI (6 events, LI ≤ 0.17), or both increased RDM and low LI (7 events, RDM increase of ≥1.6 times that of the previous period, and LI ≤ 0.16; Table 2 ). Passage events with .250 American eels were associated with periods of increased RDM or periods of both increased RDM and low LI, whereas passage events associated with low LI without increased RDM were ,250 individuals (Table 2) .
A total of five passage events of .100 individuals, however, were not associated with either an increase in RDM or low LI. Four of these passage events occurred within 1 -10 d after the date of eel pass installation during 2007, 2009, 2010, and 2011 , which was interpreted as delayed passage of upstream migrants (Table 2, Figure 3 ). Passage events of .100 individuals also occurred within 1 -15 d after eel pass installation during 2008, 2012, and 2013 , but these events were also associated with increased RDM or low LI. Also, one passage event of .100 individuals occurred during a period of bridge construction, where a causeway spanning the Shenandoah River ( 250 m downstream of Millville Dam) may have delayed upstream passage (Table 2 ). This 10-d passage event occurred during a (Figure 4) . Most (90.0%) American eels used the eel pass during 2007-2013 when WT was between 18 and 288C, but WT was between 18 and 288C on 63.3% of the sampling days. The late spring or summer installation of the eel pass, however, did not allow for full evaluation of American eel migration at colder temperatures at the expected onset of upstream migration. For the 17 161 American eels, the mean + s.e. of WT on the day of passage was 23.1 + 0.038C, with a range of 11.2-31.58C. A total of 65.7% of individuals passed when daily CC values ranged from 0 to 25%, which is contrary to the expectation that American eels counts would be higher during periods of increased CC. However, CC was ≤25% on most (59.0%) of the sampling days during 2007-2013.
The Potomac River discharge (RDP) included flows from the Shenandoah River (RDM), and RDP and RDM were correlated (r ¼ 0.82) as expected (all other variable correlations were ≤0.20). The magnitude of increase in RDP, however, was not always consistent with that of RDM, and passage count data did not support models with RDP over those with RDM. The 3 years with highest mean values of river discharge for the Shenandoah and Potomac rivers were 2011-2013 (34.0, 39.8, and 44.5 vs. 165.9, 162.6, and 119 .0 m 3 s 21 , respectively, Table 1 ). Based on annual mean values of river discharge, RDP ranged from 2.7 times that of RDM in 2007 and 2013 to 4.9 times that of RDM in 2011 (Table 1) . Based on daily maximum values of river discharge, RDP ranged from 1.3 times that of RDM in 2013 to 8.0 times that of RDM in 2011 (Table 1) . A plot of the proportion RDM/RDP vs. daily passage counts depicted that the 10 highest daily counts of American eels (range 373-716 individuals) occurred when RDP was 1.3-3.8 times that of RDM, where the Shenandoah River contributed from 26.3 to 76.7% of the Potomac River discharge ( Figure 5) .
The timing and duration of annual sample periods differed, where eel pass installation dates occurred in May or June, and removal dates ranged from October to November (Table 1, Figure 3 ). The timing of annual eel pass installation did not correspond closely with the timing of WTs reaching and remaining above 158C, when American eels were expected to begin moving upstream (Figure 3) . Eel pass removal during fall, however, was closely associated with the date that WT reached 108C (Figure 3) . Dates of eel pass installation for the seven annual periods ranged from 17 to 63 d after WTs reached and remained above 158C (Table 3 ). The mean river discharge values of the Shenandoah River during these periods before eel pass installation were .2.0 times that of the study periods during 2007, 2008, 2009 , and 2011 when annual passage counts were relatively low (852-1255 individuals), and ,2.0 times that of the 2010, 2012, and 2013 study periods when the highest annual counts were observed (2470 -5394 individuals; Tables 1 and 3) .
Discussion
This study provides several findings relevant to upstream migration and dam passage of yellow-phase American eels. First, the QIC-selected model and supporting descriptive statistics provided evidence that increased Shenandoah River discharge (RDM) and darker periods near a new moon (low LI) were synergistically or singularly associated with passage counts of upstream migrants. Second, data did not support river discharge of the Potomac River (RDP) over RDM, suggesting that RDM on the day of passage had a larger influence on migration and dam passage than that of the Potomac River. Also, 1 and 2 d lags of RDM were not supported by the data, indicating that upstream migrants did not have a delayed response to increased river discharge. Third, no model selection support was given for WT or CC as correlates of upstream migration. Finally, highest daily counts of American eel passage occurred when RDM was contributing from 26.3 to 76.7% of the Potomac River discharge, suggesting that the Shenandoah River is more likely to experience mass migration events of American eels when river discharge is high relative to that of the Potomac River. We recognize, however, that our model inferences and supporting descriptive statistics are based on observational covariate data, a condition which precludes strong inference.
Passage counts
Annual passage counts of American eels at the Millville Dam eel pass, which fluctuated from 852 to 5394, did not likely represent the total number of upstream migrants within the Shenandoah River. The eel pass was not in operation during all periods of expected upstream migration, and American eels may pass Millville Dam by other routes. Passage counts of American eels may also be associated with variables not measured during this study. For example, annual passage counts at Millville Dam may reflect variation in the annual recruitment of elvers to the Potomac River estuary (Moriarty, 1986) . River discharge and lunar illumination Welsh, 2012) , which demonstrates a wide-range of age classes for upstream migrants.
River discharge and LI
This study found that elevated river discharge and low levels of LI were associated with upstream migration of American eels in the lower Shenandoah River, which is consistent with results of previous studies by Schmidt et al. (2009) and Welsh and Liller (2013) . Although our study found an association of RDM and LI with upstream passage counts, multiple-day passage events with the highest counts of American eels (.250 individuals) were associated with periods of increased river discharge. It is unknown why American eels in the Shenandoah River move upstream during periods of increased river discharge, but Welsh and Liller (2013) speculated that increased water volume may provide American eels with less restricted travel, or the reduced ambient light owing to increased water turbidity during high river discharges may provide more favourable conditions for upstream migration. Migrant American eels may reduce upstream movements at some threshold of increased river discharge, but we documented upstream dam passage at the highest river discharge (i.e. 750.4 m 3 s
21
) during this study. Anguillid eels avoid light and are crepuscular and nocturnal (Hammond and Welsh, 2009; Schmidt et al., 2009) ; hence, upstream movements associated with low LI are likely also associated with reduced ambient light.
Potomac River discharge
Routes of migratory fish are often influenced by the flow regime of tributaries within a river network (Thorstad et al., 2008; Nunn et al., 2010) . We expected that river discharge of the Potomac River (measured at 19.5 km downstream of the Shenandoah River mouth) would influence the number of upstream migrants entering the Shenandoah River. Although increased discharge in the Potomac River likely influences upstream movements of American eels, our passage count data did not support river discharge in the Potomac River over that of the lower Shenandoah River. This suggests that river discharge of a tributary is likely more important to upstream movements within that tributary relative to river discharge in the mainstem downstream of the tributary mouth. Possibly, when the magnitude of increase in river discharge of the Potomac River upstream of the Shenandoah River mouth exceeds that of the Shenandoah River, then American eels may continue migration upstream within the Potomac River mainstem, as opposed to entering the Shenandoah River. However, we do not have data on the number of American eels moving upstream in the Potomac River, so we were not able to evaluate this hypothesis. We did note, however, that the ten highest daily passage counts of American eels occurred when the Shenandoah River contributed from 26.3 to 76.7% of the Potomac River discharge. To our knowledge, however, no studies have examined upstream migration of American eels relative to differential flow regimes of tributaries and the mainstem within a river network.
Water temperature
Our data did not support WT as an important contributor to upstream migration, a finding that results, in part, from the timing of the annual sample periods. Because the eel pass was installed annually in late spring or early summer, we were not able to document the WT associated with the onset of upstream migration, which likely occurred when WTs were within the range of 15 -208C (Hammond and Welsh, 2009; K. McGrath, pers. comm.) . During fall, the number of upstream migrants decreased with lower WTs. Individuals were not observed moving upstream during fall after WTs were below 11.28C, a finding consistent with previous studies by McGrath et al. (2003) and Hammond and Welsh (2009) .
Most passage counts (90.0%) were observed within a wide range of WTs (18-288C), which is consistent with a 19 -288C range reported by Welsh and Liller (2013) . Further, Verdon and Desrochers (2003) found that the warmest seasonal temperatures (.208C) were associated with upstream migration of American eels between the Beauharnois and Moses-Saunders Power Dams, St Lawrence River. McGrath et al. (2003) and Schmidt et al. (2009) Sorensen and Bianchini (1986) suggested that WT after reaching the threshold of 10-158C may have little influence on American eel elver movements. Similarly, WT after reaching 15 -208C may have little influence on the upstream migration of yellow-phase American eels.
Cloud cover Hain (1975) noted that reduced ambient light was associated with movement activity of American eels, an environmental condition that could be attributed to low LI, water turbidity during periods of increased river discharge, or increased cloud coverage. Although our data supported elevated RDM and low LI, we did not find a relationship between CC and upstream passage counts of American eels. A total of 65.6% of individuals (11 265 of 17 161 American eels) used the eel pass when CC was ≤25%. Also, daily values of CC and RDM were not correlated (r ¼ 0.07), an expected outcome given that rain 
Timing of annual eel pass installation
To protect the Millville Dam eel pass from damage or destruction associated with debris from periods of high river discharge, the pass was installed by personnel of the hydroelectric power company during spring or summer, and removed during fall. Consequently, the eel pass was not in operation during spring when WTs reached and exceeded 158C, a condition when American eels were expected to initiate upstream migration. During the 7-year study, WTs exceeded 158C for 17-63 d before annual eel pass installation, and the mean RDM and maximum values of RDM during these preinstallation periods were as high as 6.0 and 9.4 times that of those values during the periods of eel pass operation. Given the association of eel passage counts with increased RDM, perhaps large numbers of American eels migrated upstream during high river discharges of the 17 -63 d pre-installation periods. Support for this, in part, is provided by peak passage counts that occurred within 2 weeks following eel pass installation, as large passage counts of upstream migrants (possibly delayed by the dam) were recorded soon after eel pass installation. In addition to delayed passage, American eels may have found other routes past the dam during periods before the eel pass was operational, thus reducing the effectiveness of the eel pass as a monitoring method for upstream passage counts. We found that mean values of Shenandoah River discharge during the pre-installation periods when WT exceeded 158C were .2.0 times that of the sampling periods with low annual passage counts in 2007-2009 and 2011, and ,2 .0 times that of the sampling periods with the highest annual counts in 2010, 2012, and 2014. One possible explanation for this difference is that American eels passed the dam during the relatively high river discharges of the 2007-2009 and 2011 pre-installation periods. Consequently, the effectiveness of the eel pass at passing American eels may be increased by an earlier installation date. The trade-off for an earlier eel pass installation date, however, is that debris damage could result in an extended non-operational period.
In summary, our 7-year study provided evidence that dam passage counts at an eel pass and pulses of upstream migrant yellowphase American eels are associated with periods of increased river discharge or low LI. Given that passage events with the highest counts (.250 American eels) were associated with periods of increased river discharge, then annual and seasonal variability in river discharge likely influence the numbers of American eels migrating upstream within the Potomac River drainage. Because increases in river discharge are climatically controlled events, pulsed or punctuated migration events of American eels within the Potomac River drainage are likely linked to the influence of climate variability on flow regime of the tributary/mainstem network. The Millville Dam eel pass is typically not in operation during early spring, a period when river discharge is relatively high and WT exceeds the 15 -208C threshold for upstream migration. Consequently, the eel pass is not in operation during all periods when American eels are expected to migrate upstream, and annual passage counts may have been underestimated owing to passage during high river discharges of spring pre-installation periods. Our results suggest that an increase in passage effectiveness at Millville Dam may result from an earlier annual eel pass installation period, a management strategy that should also consider alternatives to reduce the risk of eel pass damage.
